Abstract
Introduction
The continuously developing of modernization degree of our marine equipment set a still higher demand on the quality of equipment maintenance management in the new era. Maintenance decision-making is very important content in equipment maintenance management, and selecting the optimal strategy for marine equipment is the important measure to strengthen equipment maintenance support efficiency [1] . The common maintenance modes adopted for marine equipment at present are Corrective Maintenance (CM), Time Based Maintenance (TBM) and Condition Based Maintenance (CBM).
Maintenance policy selection for vessel equipment is a multiple criteria decision making. Complication and precision are the characteristic of marine equipment, once fault happen during the mission, enormous economic loss will be made, and the effective implementation of the mission will be affected, even casualty will be caused. So the influences on economy, mission and security should be comprehensively considered when decision-makers make maintenance decision. The criteria considered in this paper are security risk, availability of equipment and cost of maintenance.
In recent years, emphasis has been placed on multi criteria decision-making approach in the field of maintenance strategy selection. Bevilacqua and Braglia (2000) suggested the use of AHP for selecting the maintenance strategy for an Italian oil refinery based on the criteria of cost, damages, applicability, and added value [2] . Al-Najjar, Alsyouf (2003) and Sharma, Kumar (2005) used fuzzy reasoning and fuzzy multiple criteria decision making method to select suitable maintenance strategy [3, 4] . Fe'lix and Jose' (2006) made use of significance evaluation method to decide the optimal maintenance mode [5] . Bertolini and Bevilacqua (2006) presented a combined analytic hierarchy process and lexicographic goal programming approach to select the best maintenance policies for the maintenance of critical centrifugal pumps in an oil refinery [6] . Arunraj and Maiti (2010) also utilized the AHP and Goal Programming method for maintenance policy selection in chemical industry taking risk and cost as the criteria [7] . Goldy Kumar and Maiti (2012) proposed fuzzy analytic network process method for maintenance policy selection in chemical industry, and compared the result with Arunraj and Maiti (2010) [8] . Comparing with analytic network process, AHP has characteristic of limitedness to some extent. [9] This paper adopts analytic network process to select the optimal maintenance policies for marine equipment, and introduces interval number to the step of expert evaluation. The interval numbers is used for decision variables instead of crisp values.
Applicability analysis and improved method of analytic network process
Analytic network process (ANP) was proposed by the world renowned professor name Thomas L.Saaty at Pittsburgh University of USA in 1996. It is based on analytic hierarchy process (AHP) which has been widely used in decision making process. The core of AHP is dividing the system into several levels namely, goal, criteria and alternatives which are connected top to bottom. The upper level does not depend on the lower levels and the elements present at the same level are also independent of each other. Although it simplifies no-structure or half-structure problems by converting them into hierarchical structures, it fails to solve decision-making problems about complexity systems. In actual problems or most decision-making problems, the complex interactions and feedbacks are present in the systems which AHP can not capture. Compared to hierarchy structure, network structure is more flexible. The interaction relationships between the elements at the same level and the feedbacks between different levels are considered in ANP which can eliminate some unnecessary assumptions, thus making problems closer to the actual matters. [10, 11] This paper aims to study how to choose the optimal maintenance modes for marine equipment from corrective maintenance, time based maintenance and condition based maintenance, with considering the three criteria i.e. security risk, availability of equipment and cost of maintenance. The interactions and feedbacks are present in this decision-making problem, for example, if the cost is improved, the risk of failure may be reduced or the availability of equipment may be improved correspondingly. ANP can be used to solve this problem.
In the process of network analysis, the language of expert evaluation is often expressed as crisp value. However, the results provided by experts generally are only crude approximations, thus the language of expert evaluation is vague to some extent. Crisp value can hardly indicates expert evaluation accurately and precisely. There, interval number is introduced in place of crisp value to improve the method of ANP. Since super matrix can only be calculated with crisp values, the interval priorities obtained in pair-wise comparison are converted into crisp priority vectors before input them in the super matrix.
Methodology
This paper proposes a combined analytic network process and interval evaluation approach to select the optimal maintenance policies for the maintenance of marine equipment based on security risk, availability of equipment and cost of maintenance. The maintenance policies considered are corrective maintenance (CM), time based maintenance (TBM) and condition based maintenance (CBM).
The methodology involves the following steps: a) Development of the network structure for maintenance policy selection. b) Collection of data for pair-wise comparison. c) Estimation of the priority weights and conversion between interval number and crisp value. d) Construction of the super matrix and calculation of the sorted result.
Development of the network structure for maintenance policy selection
A three level network structure is developed for the proposed model. The top level represents the goal of the analysis i.e. selection of maintenance policy; the second level represents the criteria namely security risk, availability of equipment and cost of maintenance; and the third level defines the alternative maintenance policies. There are dominance and feedback relationships between the criteria layer and the alternative layer. And interaction relationships also exist among the elements on the criteria layer. The network schema for the maintenance policy selection is shown in Fig.1 . 
Collection of data for pair-wise comparison
The weighing coefficients of the indexes are acquired by Delphi. Specific steps are as follows: Five experts in the field (three maintenance engineers and two crews who manage the corresponding equipment) were asked three sets (A, B, and C) of questions.
Question A: To select an appropriate maintenance policy for the marine equipment, which of these three criteria elements (security risk, availability of equipment and cost of maintenance) is of greater importance (priority) to you and how much?
Question B1: Consider the criteria risk. Which of the three maintenance policies offers better risk reduction and by how much?
Question B2: Consider the criteria cost. Which of the maintenance policies costs lower and by how much?
Question B3: Consider the criteria availability. Which of the maintenance policies offers better availability improvement and by how much?
Question C1: Consider the maintenance policy "Corrective Maintenance (CM)". Taking into account one of the three criteria, how much satisfied you are with its improvement of the other two criteria? For example, taking into account the cost of this policy, how much satisfied you are with its risk reduction capability and availability enhancement capability?
Question C2: Consider the maintenance policy "Time-based maintenance (TBM)". Taking into account one of the three criteria, how much satisfied you are with its improvement of the other two criteria?
Question C3: Consider the maintenance policy "Condition-based maintenance (CBM)". Taking into account one of the three criteria, how much satisfied you are with its improvement of the other two criteria? A comparison scale was provided to the experts for providing their responses which is shown in table 1. Each of the experts gives an answer based on his knowledge and experience, according to the table. The average of the answers from these five experts is taken to create the corresponding pair-wise comparison matrices needed for the analysis as following. " ij a  " shows the degree of relative importance of the i th element in comparison to the j th element. 
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Estimation of the priority weights and conversion between interval number and crisp value
i) Using the algorithms of interval number to calculate the primary dominance.
ii) Converting the internal numbers to crisp values with these tips.
Firstly, the probability of 
is calculated by:
(1,2,.., ) ( 1, 2,..., , ) min ( )
Finally，the priority in crisp value form of the elements in comparison and judgment matrix is obtained by:
Construction of the super matrix and calculation of the sorted result
There are three key steps to reach the sorted result.
i) The normalized feature vectors obtained from comparison and judgment matrices are inputted in the super matrix to get the unweighted super matrix. 
W is a 3 3  matrix which represents the relative weight of the alternative layer in comparison to the criteria layer; the 3 3  matrix 21 W represents the relative weight of the criteria layer in comparison to the alternative layer; the 3 3  matrix 22 W represents the interrelationships among the three criteria. and 23 W represents the relative weight of the criteria layer in comparison to the goal layer. There is no feedback relationship between the criteria layer and the goal layer, and the alternatives are independent, so the inputs are zero.
ii) Every element ij W in the super matrix W consists of normalized feature vectors, so the column sum is 1. But the matrix W has not been normalized. The matrix is converted to a normalized weighted matrix by using weight coefficient, in order to simply calculation.
iii) The limiting super matrix (Idempotent matrix) is obtained by using power method i.e. the method of squaring the weighted matrix. The values of this limiting super matrix are the priorities of the elements of the decision network with respect to the goal.
Case study: a maintenance strategy for the fuel system of a marine diesel engine
Diesel engine is a kind of mechanical device which transforms the chemical energy of the fuel to heat and mechanical energy in sequence and then makes the external power output. Diesel engines are widely used on vessels with the characteristics of high thermal efficiency, long service life, rapidity to boot, and convenience to maintain. This paper selects the fuel system of a certain type of marine diesel engine as study object, and elaborates the maintenance decision method for marine equipment based on analytic network process. The structure and elements of this fuel system is showed in Fig. 2 . 
Collection of the data
The pair-wise comparison data are collected by interviewing three maintenance engineers and two crews who manage the diesel engine to assess the relative priority weights of the elements (criteria and alternatives) and the degree of satisfaction brought by one criterion's improvement to the other two. The interval average of the responses from these five experts is taken to create the corresponding pair-wise comparison matrices. For instance, the pair-wise comparison matrix of maintenance policies considering risk criterion for fuel pump is shown in table 2. The constructor methods for the other comparison matrices are similar to this one, and the matrices are omitted here. 
Calculation and conversion of the priority weights
The superiority weights in form of internal number of the maintenance policies based risk for fuel pump are computed by: 1  1  3  3  3  3  3  3   2  2  3  3  1  1  1  1  1  1 0.2217 0.4626 0.4049 0.8163
The internal numbers are converted to crisp values (Numerical dominance) with these tips. 
The results are listed in table 2. The computing methods for superiority degrees of the other comparison matrices are similar to the above, and they are omitted here.
Construction of the super matrix and organization the sorted results
The super matrix is obtained by assembling the normalized feature vectors from pair-wise comparison matrices in a matrix as shown in table 3. 
Goal Goal
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
The normalized weighted super matrix is obtained by using 
Conclusions
Marine equipments play an important part in our battle effectiveness. The study of decision-making technologies should be constantly strengthened for keeping the equipments running well in peacetime and ensuring them make full use of fight efficiency in war. This paper uses analytic network process to construct the maintenance decision-making model for marine equipment based on security risk, availability of equipment and cost. The maintenance policies considered here are corrective maintenance, time based maintenance and condition based maintenance. For making the model more scientific and reasonable, interval number is introduced in place of crisp value to express expert evaluation. Finally, the case study of the fuel system of a marine diesel engine is used to illustrate the methodology, and the optimized maintenance policies of the components are obtained.
